acoustic surveys and censuses to detect vocal species of birds, mammals, amphibians and insects. Bioacoustics has also been used to generate basic demographic variables through the vocal identification of individuals, or estimate species occurrence and richness in those cryptic taxa characterized by species-specific acoustic signals (see also Caro (1998), Vaughan et al. (1997) , Gaunt and McCallum (2004) ).
More recently, bioacousticians have begun to tackle the questions of how human activities challenge the communication systems of animal species, what are the stochastic or deterministic mechanisms involved (natural, sexual or social selection processes), and what information of conservation significance can be derived by studying animal sounds (Rabin and Greene 2002 , Slabbekoorn & Ripmeester 2008 , Laiolo et al. 2008 . A similar drive determined the development of 'Conservation Behaviour', a discipline that combines applied and baseline research to address the behavioural mechanisms that influence the fate of populations and species (Curio 1996 , Buchholz 2007 , Caro 2007 .
The aim of this review is to collect recent literature on the impact of human activities on animal communication, and provide an overview of the potential of bioacoustics in conservation science. Based on published evidence, I discuss the type of information that could be extracted from animal sounds which may be relevant to species conservation and population ecology, and highlight a series of troublesome cases, in which acoustic variation may cause conservation problems and affects population persistence. Finally, I discuss how acoustic signals can be used in conservation studies as early-warning indicators of ongoing human-driven perturbations or to monitor population processes.
Bibliographic Search
The overview is based on a Thompson's ISI Web of Science search of journals within the subject categories of 'Zoology', 'Ecology', 'Multidisciplinary Sciences', 'Behavioural Science', 'Acoustics', 'Biology', 'Marine and Freshwater Biology', 'Evolutionary Biology', 'Ornithology', and 'Environmental Science' from 1970 to 2009. As a variety of human impacts has been proven to affect animal communication and no single search term could define them, I started with a broad search of the terms CALL or SONG or VOCAL* or ACOUST* and VARIATION, and refined the search to the subject categories mentioned above. I checked 1711 papers on acoustic communication variation, and identified those titles and abstracts with conservation relevance (see also Results).
By checking literature, I classified human-driven effects according to the potential consequences for individual fitness or population persistence, on the basis of the conclusions of the authors themselves. I found that some species deal well with anthropogenic change and adapt their communication system to the novel conditions imposed by humans. In contrast, other species respond maladaptively, with deleterious consequences for individual fitness (such as reduced survival or mating success). In other cases, human driven variation is neutral, e.g. differentiation does not affect individual fitness.
Results
I found that 53 papers explicitly focused on human-driven alterations (excluding review papers). For simplicity, I refer to these studies as 'Conservation Bioacoustics' papers. In the remaining titles of the search, I paid special attention to those of a more descriptive nature, which dealt with intra-specific acoustic variation. I searched here for inadvertent comparisons among natural and anthropogenic habitats, populations separated by anthropogenic barriers or differently affected by human impact. I found that 23 of the 406 descriptive papers read (5.7%) speculated on some anthropogenic causes to explain the patterns of acoustic variation found, as an alternative to other ecological or evolutionary hypotheses. Although these studies do not directly address conservation issues in the title, nor sometimes in the abstract, they do testify to the pervasiveness of human impact even in many behavioural study fields, which in theory tends to restrict the sources of variation to those of evolutionary significance.
The number of papers testing or hypothesising on human impact was therefore 76, less than 5% of the studies on variation in animal communication behaviour. Literature is summarized in Table 1 , which reports the type of anthropogenic impact, the underlying mechanisms (internal mechanisms, demographic processes, etc.), the taxon affected, and the potential problems derived from acoustic variation. The types of impact were diverse: noise pollution (47.3% of papers), habitat fragmentation and degradation (40.8% of papers), direct human disturbance (2.6%), hunting (2.6%), chemical pollution (2.6%), introduced diseases (1.3%) and food supplementation (1.3%). Overall, 55 species were affected, mostly birds (66% of species) and mammals (24%) and, less frequently, arthropods, amphibians and fishes. Some species responded to multiple impacts, such the Great Tit Parus major, whose song structure proved to vary in response to both urban noise and chemical pollution (Gorissen et al. 2005 , Slabbekoorn & den Boer-Visser 2007 .
Adaptive variation to counteract human impact was recorded in 27.6% of the 76 papers considered, and was mostly described in noise pollution cases. Deleterious or neutral effects for individuals or populations were advocated in 28.9% and 43.4 % of cases, respectively. A few studies only detailed adverse consequences using an experimental approach, and in most of the study cases evidence was correlative (Markman et al. 2008 , Schaub et al. 2008 .
Species that learn to vocalize through imitation and do not depend solely on innate signals, such as some birds and mammals, provided the most examples of plastic acoustic shifts and adaptive responses. Luther & Baptista (2009) in their study on the urban white crowned sparrow Zonotrichia leucophrys showed that acoustic responses to habitat alteration can occur over very short times (30 years), a lag that is shorter than that proposed for the evolution of heritable traits under anthropogenic pressure (a few hundred generations, Stockwell et al. 2003) . Notably, maladaptive responses have also been recorded in species of mammals and birds that learn their vocalizations, and groups whose signals are innate were also capable of adaptive shifts, suggesting that cultural transmission alone is not a prerequisite for successful adaptations to human altered environments.
The number of conservation bioacoustics papers (i.e. studies specifically addressing a conservation problem) increased greatly in the years 2000-2003; it is in this period that Slabbekoorn & Peet (2003) published in Nature a study on Great Tit song shifts to avoid city masking noise (Fig. 1) . In the following years more than 60% of the conservation bioacoustics papers addressed man-made noise in terrestrial systems. The 23 papers hypothesising human-driven acoustic variation without explicitly focusing on human impact 
Discussion
In the following sections (4.1-4.7) I consider each anthropogenic vector of acoustic change and discuss the consequences for individuals and populations. When the species response (or lack of response) critically affects the fate of populations living in human-transformed ecosystems, the acoustic shift has great conservation significance. When human-driven acoustic variation is not directly affecting individual fitness or population viability, it could still serve in a conservation context, as it may provide evidence of anthropogenic changes underway. Studies in which sounds have been used to monitor populations or as indicators of human-driven perturbations are illustrated in Section 4.8.
Acoustic signals and noise pollution
Anthropogenic noise is the impact that most directly disrupts and affects the acoustic modality of communication. Sounds produced by urban traffic, motorways, wind farms, etc.
in terrestrial habitats, and boats, whale watching, military sonar, etc. in marine habitats have been shown to interfere with the detection and discrimination of crucial signals among individuals (Richardson et al. 1995 , Barber et al. 2009 ). Passerine birds and marine mammals were the target of the first studies and numerous reviews and updates have already been published on the subject (Myrberg 1990 , Richardson et al. 1995 , Katti and Warren 2004 , Brumm and Slabbekoorn 2005 , Patricelli and Blickley 2006 , Warren et al. 2006 , Nowacek et al. 2007 , Slabbekoorn and Ripmeester 2008 , Hu and Cardoso 2009 . Recently, evidence has also been gathered for other groups, such as terrestrial mammals, frogs and bony fishes (Barber et al. 2009 ).
Terrestrial and freshwater habitats
The acoustic behaviour of urban-dwelling birds is an example of the adaptation of wildlife to urban habitats: to avoid masking traffic noise, a number of bird species have shifted song frequencies, duration, amplitudes and timing of singing (references quoted in Table 1 ). These adjustments represent adaptive responses to the evolutionary novel habitat represented by cities, and probably depend upon the learning process itself and the plasticity of singing behaviour, although microevolutionary (genetic) changes may be occurring as well (Brumm 2006) .
It has been suggested that song switches in urban habitats may lead to trade-offs between natural selection, which determines signal-habitat acoustic matching, and sexual selection for 'attractive' signals (Slabbekoorn and Ripmeester 2008) . This problem may arise when highpitched sounds broadcast better in noisy environments, but low-pitched sounds better advertise individual quality to competitors and potential mates, as they signal a large body size (Ryan and Brenowitz 1985) . Frequency shifts in the noisiest environments can make males less attractive to mates or less effective in avoiding territorial intrusions, with negative consequences in terms of individual fitness (Slabbekoorn and Ripmeester 2008) .
Not all passerines can change their signals to communicate in noisy habitats, especially large birds that face constraints in producing higher pitched vocalizations, and avoid patches that are characterized by high levels of anthropogenic noise (Rheindt 2003 , Bayne et al. 2008 , Hu & Cardoso 2009 ). Other species do settle but pay fitness costs because they are unable to communicate properly in noisy conditions (Habib et al. 2007 ). Swaddle and Page (2007) , by studying zebra finches Taeniopygia guttata, found that pair bonds may become weaker and extra-pair behaviour increases in noisy environments because noise masks pair-bond calls.
Interpreted from a population ecology perspective, noise may contribute to the creation of ecological traps in habitats otherwise suitable for feeding or nesting.
In the few cases reported for amphibians, some species have been found to adjust their Apart from affecting sexual signalling, noise also influences foraging and anti-predator acoustic behaviours. Traffic noise can mask rustling sounds made by moving arthropods, eventually reducing the foraging efficiency of bats, which depend on echolocation for feeding (echolocation is a form of acoustic auto-communication; Schaub et al. 2008 ). On the other hand, wind farm noise has been shown to affect acoustic alarming and vigilance in the California ground squirrel (Rabin et al. 2006) .
Marine environment
Even in large areas of the oceans where there are no nearby sources of human-made noise, background noise levels are several decibels above preindustrial levels (Richardson et al. 1995) . This makes noise pollution one of the most serious concerns in the conservation of cetacean species, which depend almost exclusively on acoustic information for communication, feeding and orientation (Zacharias and Gregr 2005) . As for birds, some marine mammals have responded to noise disturbance by changing the type or timing of vocalizations relative to the noise source; these are mostly whales whose communication channel overlaps with low-frequency human-made noise (see Table 1 for literature). The response of dolphins and pinniped species varies from hearing damage to shifts in surfacing, diving and heading patterns, or displacement to less noisy areas (Nowacek et al. 2007 ). In the long run, the repeated disturbance of vital activities such as breeding, communicating and feeding may severely affect individuals and generate population-level problems (Myrberg 1990 ).
Acoustic signals and habitat fragmentation
Habitat isolation, habitat loss, and changes in the composition of the habitat matrix are just some of the patterns in habitat fragmentation that can determine demographic processes, by separating individuals, conditioning population size, determining inbreeding, altering age class distribution and affecting dispersal and recruitment (MacNally et al. 2000 , Fahrig 2001 ). These processes can indirectly promote differentiation in the way organisms communicate to each other, as shown by the study cases documented below.
Habitat isolation
Isolation is an important driver of sound variation, especially when cultural evolution shapes animal communication (Laiolo and Tella 2006) . When two or more populations become isolated and signals follow a cultural transmission pattern, the acoustic behaviours of isolated nuclei can differentiate because of learning mistakes or innovations within the repertoire of each local population, a phenomenon that may be determined either by deterministic (natural selection) or stochastic processes Whitehead 2003, Podos and Warren 2008) .
Bird 'dialects' are an example of such a process: they represent marked local song differences among populations separated by some type of barrier. Natural barriers are of course a common cause of differentiation, but anthropogenic barriers and gradients can play some role, as shown in Table 1 . In Australia, North and South America, populations of woodland passerines have differentiated their repertoires possibly as a result of habitat clearance occurring before or after the arrival of the Europeans (see Table 1 for literature). In general, the affected species are characterized by stable dialects, high site fidelity or limited dispersal, conditions under which the effects of isolation are not overshadowed by the homogenizing effect of cultural flow and the rapid turnover of dynamic repertoires.
Dialects are claimed as a classical example of neutral variation, because they often represent an incidental by-product of the stochastic evolution of isolated nuclei (Slater 1986 , Whitehead et al. 2004 ). In some instances, however, dialects can speed up the isolation of local pools, for instance when population-level song preferences exist and home dialects are favoured by females over foreign dialects (Grant and Grant 1996) . Acoustic differentiation in these cases may contribute to the formation of reproductive barriers, with consequences for genetic diversity and gene flow. This argument is controversial and largely debated in evolutionary biology (Patten et al. 2004 ), but it is a worthy challenge also from a conservation point-of-view, to ascertain the role played by acoustic differentiation in the connectivity of meta-populations.
I found no evidence of isolation-driven variation in the communication behaviour of species that do not learn sounds (insects, fishes, amphibians, etc.), despite its being able to vary geographically under natural conditions.
Habitat loss
When habitats become fragmented, total habitat area is reduced in size and the remaining habitat becomes restricted to smaller patches, inhabited by small local populations (Bender et al. 1998) . Laiolo and Tella (2007) have shown that bird population decline can result in a drop in the diversity of syllables or song type pools through cultural erosion driven by anthropogenic habitat loss. Just as genetic drift, bottlenecks and inbreeding can lead to a loss in genetic variation in small populations, cultural drift, bottlenecks and the reduced possibility of learning from models may determine the loss of acoustic diversity in species that learn their vocalizations (Thielcke 1972; Mundinger 1980) .
Signal variation in small populations can result as a by-product of ongoing genetic processes. In the field cricket Teleogryllus commodus, for instance, inbreeding depression can directly affect sound production and the acoustic properties of signals (Drayton et al. 2007 ).
In other species, it is social selection that mediates the population size-acoustic behaviour relationship: a reduction of daily signalling activities can be observed in small populations where male-male competition and individual interactions are reduced (Osiejuk et al. 2007 ). In sexual selection is weak, mates may no longer be chosen on the basis of their signals, and the probability of fixing deleterious new mutations increases, eventually posing a threat to the population's genetic integrity (Whitlock 2000 , Laiolo et al. 2008 . In both conditions, a variation in sexual signals that is not followed by a parallel shift in female choice may eventually bolster Allee effects.
Apart from their prime role in reproduction, many acoustic signals are also inadvertent cues that help dispersing individuals to locate good habitat patches. Sounds are used in this context by several bird species during territory or colony establishment to reduce search and settlement costs (Reed and Dobson 1993, Fletcher 2008) . If conspecific attraction occurs and acoustic performance reflects habitat availability and suitability, dispersing individuals may avoid those populations where acoustic activities are depressed. Such behavioral mechanisms may have population-level consequences as they reduce rescue effects in small nuclei (Fletcher 2007, Laiolo and Tella 2008) .
Transformation of the habitat matrix and edge effects
Habitat conversion and degradation often interact synergically in many rural landscapes Table 1 ). Smith et al. (2003) reported an effect of habitat matrix conversion on the dominant call frequency of the sunset frog Spicospina flammocaerulea populations. In this case, it was burning activities that induced changes in recruitment and age class distribution of populations, in turn affecting signal frequencies (via their allometry with body size and age; Ryan and Brenowitz 1985) .
Shifts can also be induced by new selection pressures arising in novel habitats.
Transformations like clear-cutting or abrupt rotations, by drastically altering vegetation structure, can disrupt the acoustic properties of the medium and challenge the communication systems of species that persist through disturbance. Successful adaptations or mismatches were described in birds by Greene (2002), Ljtmaer and Tubaro (2007) , Wright et al. (2008) .
The proliferation of edges is another consequence of habitat fragmentation, and a study on Dupont's lark shows that it can affect singing behaviour (Laiolo and Tella 2005) . In this species, edges diminish the magnitude of aggressive interactions among individuals separated by small habitat barriers, and song copying decreases between males located at opposite sides of a barrier. This drop does not depend on the number of neighbours interacting, as suggested by Catchpole and Slater (2008) as an alternative explanation for this phenomenon.
Acoustic signals and chemical pollution
The exposure to and continued interaction with toxins affects brain development early in life and energy allocation in adults, two key processes that ultimately influence communication behaviour (Buchanan 2000) . The effects of exposure to pollutants were analyzed on bird communication only, and appear to vary depending on the type of toxin and physiological mechanisms involved. Gorissen et al. (2005) have shown that Great Tits from areas polluted with heavy metals had smaller repertoires and sang less than birds from less polluted sites. In the European starling Sturnus vulgaris, Markman et al. (2008) studied the effects of the socalled 'endocrine disruptive chemicals' (EDCs), ubiquitous chemicals that include DDT and other organochlorine insecticides. These compounds are estrogen mimics, and when experimentally supplied to male starlings, determined the production of longer and more complex songs compared to control males, a volumetric increase of the brain nucleus associated with song production (HVC) and, ultimately, immunosuppression. In spite of their poor health, exposed males were preferred by females because of their complex songs, a paradox for the sexual selection theory centred on the honesty of sexual signals. Female choice in this case is maladaptive, given that their reproductive output may drop because poor condition mates are less efficient in caring for young. This study represents an example of trade-offs between sexual and natural selection processes, and shows that polluted areas can turn into ecological traps for females of farmland bird populations. Gutzwiller et al. (1994 Gutzwiller et al. ( , 1997 and Bergen and Abs (1997) found out that human intrusion during breeding reduced the timing of male song in forest passerines. Because of the link between the timing of singing activities and that of territory establishment, pair formation and egg laying, Gutzwiller et al. (1994) hypothesised that intrusion may have detrimental effects on individual breeding success.
Acoustic signals and direct human disturbance

Acoustic signals and hunting
Wild animal populations have long been regulated through hunting by removing the oldest individuals, supposedly because they contribute less to population growth (Swenson 2003) .
In complex animal societies, however, old individuals may be the reservoir of cultural traditions (including social calls) that serve purposes for group recognition, breeding and 
Acoustic signals and introduced diseases
The human-induced spread and infection of pox virus determined by contact with domestic fowls has been associated with changes in the acoustic structure of lesser short-toed lark
Calandrella rufescens distress calls in the Canary Islands. Infection affected the condition-dependent nature of these calls, which are used in an anti-predator context (Laiolo et al. 2004 , Laiolo et al. 2007a ). Zanette et al. (2009) found that young Song Sparrows Melospiza melodia fed by foodsupplemented parents sang less diverse songs than young from unfed parents, and discussed the possible negative effects of food-supplementing wild populations for conservation purposes. Supplemented parents laid larger clutches and lighter eggs, thus their young had to accelerate their growth more than control birds, at the detriment of their learning abilities and song output once they become adults.
Acoustic signals and food supplementation
Bioacoustics as a tool in conservation science
The studies documented above showed that acoustic variation can bring to light perturbations In Table 2 other examples of the potential uses of bioacoustics in conservation studies are provided, along with information on their applicability and potential limitations. A common application is the use of acoustic information to obtain basic demographic parameters in species difficult to observe or mark. Acoustic monitoring, for instance, can be used to track inter-population movements in geographically structured populations in bird species that learn their vocalizations before dispersal, i.e. when individuals carry with them the natal acoustic repertoire during recruitment. Several behavioural studies have provided evidence of inter-patch movements by using this approach (see Table 2 Ultimately, playbacks of acoustic cues have been successfully employed in bird species management plans, to attract individuals and promote territory establishment in suitable but empty habitat patches through the exploitation of conspecific attraction behaviour (Ward and Schlossberg 2004 , Alhering et al. 2006 , Hahn and Silverman 2007 , Fletcher 2008 ; see also section 4.2). Studies reported in Section 4.8 and Table 2 demonstrate that bioacoustics have also begun to define a methodology for the use of conservation biologists and wildlife managers, renovating its traditional evolutionary perspective to serve as a potential tool in conservation science. Although the contributions of bioacoustics to conservation are recently growing ( Fig.   1 ), they are still limited when compared to other well-established conservation approaches (Conservation Genetics, Conservation Physiology, etc.). The use of bioacoustics is indeed restricted to animals communicating through sounds, and it is only indirectly linked with habitats and ecosystems, features more openly relevant to wildlife managers and legislation.
Conclusions
However, the target behaviour (acoustic signalling) is often conspicuous, and can be studied 
